Introduction
[2] Attempts to understand the physical mechanisms controlling the timing of earthquake occurrence often focus on linking observations of changes in earthquake productivity to events that alter the stress state within the crust [Dieterich, 1994] . Common examples include the aftershock sequences triggered by large crustal earthquakes [e.g., Freed and Lin, 2001; Helmstetter et al., 2006] , seismic swarms [e.g., Dieterich, 1992; , and long-term seismic cycles on major plate boundaries [e.g., Dieterich, 1994; Lapusta et al., 2000] . The stressing rate changes associated with seismic swarms are often explained as a response to fault creep, fluid or magmatic events [e.g., Hill et al., 1975; Smith et al., 2004; Hainzl and Ogata, 2005; McGuire et al., 2005; , and have been exploited for evaluating earthquake triggering models in magmatically dominated environments [e.g., Dieterich et al., 2000; Toda et al., 2002] . Davis et al. [2001 Davis et al. [ , 2004 use borehole pressure transients to infer that aseismic spreading processes trigger earthquake swarms along the Juan de Fuca ridge, but no geodetic observations exist to verify this hypothesis. A recent survey of highprecision earthquake locations demonstrated that earthquake clusters are common occurrences in southern California. identified a relationship between the spatial dimensions and seismic moment of swarms suggesting that aseismic driving processes are a general feature of swarms, but no complementary information about ground deformation was available to constrain this process.
[3] In the Imperial Valley/Salton Trough region, the North America-Pacific plate boundary transitions between the predominantly strike-slip San Andreas system to the north and the divergent boundary in the Gulf of California (Figure 1 ). Shortly after the installation of seismic networks, it was recognized that this region had a higher level of seismic swarm activity than the rest of California [e.g., Richter, 1958; Brune and Allen, 1967; Hill et al., 1975; Johnson and Hadley, 1976; Reichle and Reid, 1977] , possibly driven by magmatic intrusions within the Salton Trough's divergent tectonic setting [Hill, 1977] . The considerable evidence of aseismic deformation along faults in this region [e.g., Allen et al., 1972; Hudnut and Sieh, 1989; Lyons and Sandwell, 2003] , suggests that the effect of high geothermal gradients on fault dynamics [Ben-Zion and Lyakhovsky, 2006] may also contribute to swarm initiation.
[4] During the 2-week period beginning on 29 August 2005, the Southern California Seismic Network (SCSN) recorded a seismicity rate increase approaching 3 orders of magnitude in the region south of the Obsidian Buttes, within the Brawley Seismic Zone near the southern termination of the San Andreas Fault (Figure 1 ). Surface breaks were observed in the field in the days following the swarm (K. Hudnut, personal communication, 2005) . We examine the available seismic and geodetic data associated with the Obsidian Buttes seismic swarm and determine that shallow aseismic slip is required during the swarm. Our results suggest that shallow aseismic fault slip was the primary driving process behind this and other Salton Trough swarms.
Data and Modeling
[5] The Obsidian Buttes swarm is unique in that both well-recorded seismicity and geodetic observations exist spanning the sequence. Here we examine both types of data and compare the resulting predictions to identify the dominant processes occurring during the swarm.
Seismicity
[6] The abundant seismic data for the swarms in the Salton Trough provide an opportunity to image the spacetime evolution of the seismicity during earthquake swarms. However, the standard (single event) catalog locations available from the Southern California Earthquake Data Center (SCEDC) lack the resolution to explore the details of swarm migration. We relocated both the Obsidian Buttes swarm and the 1981 West Moreland swarm, which occurred in the same area (Figure 1 ), using the double-difference algorithm of Waldhauser and Ellsworth [2000] (see the auxiliary material). 1 We relocated each swarm independently to minimize the effects of varying station configurations [Rubin, 2002] . Differential P and S traveltimes were calculated from the SCEDC phase picks. In addition, for the 2005 swarm, we also measured differential times directly from the archived waveform data for the M < 3 events (which were not clipped) using a frequency domain algorithm [Schaff et al., 2002] . We only used arrival times with cross-correlation coefficients >0.8 in the inversion, resulting in approximately 47,000 waveform-derived and 500,000 catalog differential traveltimes for the 2005 swarm. We gave P wave measurements twice the weight of S wave measurements. Average residuals were on the order of 10 ms for waveform-derived times (2005 swarm) and 50 ms for catalog-derived arrival times (both swarms). The relocations utilized a 20-layer, one-dimensional (1-D) velocity model derived from the SCEC 3-D model version 4 at the location of the swarm [Kohler et al., 2003] .
[7] For the 1981 West Moreland swarm, the seismicity during the 130 hours preceding the largest (M w 5.9) earthquake shows a complicated migration over a series of faults (Figures 2a and 3a) . The main shock and its aftershocks occurred on a 10-15 km, NE striking fault segment just south of the seismicity in the first part of the swarm. Additionally, some events from the later part of the 1981 swarm occurred about 10 km north of the 1981 main shock on a N-S striking fault that is adjacent to the area that ruptured during the 2005 swarm. Bilateral migration of seismicity during the initial 100 hours of the 1981 swarm occurred at about 0.1 km/h. [8] Relocations of the M1 -3 events in the 2005 sequence ( Figure 2b ) indicate that seismic faulting was restricted to a narrow depth range (4 -6 km) along a 10 km NE striking near-vertical fault segment. After 31 August (50 hours in Figures 2b and 3b ) the seismic swarm exhibited a clear bilateral migration at roughly 0.5 km/h over the next 15 hours, somewhat faster than migration during the 1981 swarm. The time period of the migrating seismicity coincided with the highest seismicity rates during the swarm, but the largest earthquake, a strike-slip M5.1, did not occur until 2 September (star, Figure 3b ).
[9] The orientation of the primary fault plane in the 2005 swarm is confirmed by the automated moment tensor waveform inversions done by the SCEDC (see Figure 4) . Fifteen of the 17 events (M w 3.3 to 5.1) with good variance reductions (>50%) have strike-slip mechanisms with a NE striking nodal plane coincident with the strike of the swarm as a whole. A few of the events near the ends of the fault segment may have occurred on more northerly conjugate planes ( Figure 4 ).
Geodetic Data
[10] Surface deformation during the Obsidian Buttes swarm was observed by two nearby GPS stations within the Southern California Integrated GPS Network (SGIGN) and by interferometric synthetic aperture radar (InSAR). The GPS stations GLRS and CRRS are located 17 and 13 km away from the largest event within the swarm, respectively (Figure 1 ). An offset of $5 mm in the north component of the GLRS-CRRS line length change evolved over the course of several days ( Figure 5 ). Although the large distance between the GPS sites and the earthquakes results in a low signal-to-noise ratio, the data are consistent with the largest earthquake (red dashed line, Figure 5 ) occurring several days after the initiation of deformation.
[11] The Envisat satellite acquired InSAR data before and after the swarm, allowing formation of an interferogram constraining deformation that occurred during a 35-day period spanning the event, from 21 August 2005 to 25 September 2005 (track 84, frame 2943). We processed the InSAR data using the Jet Propulsion Laboratory California Institute of Technology ROI_PAC processing suite [Rosen et al., 2004] , removing the topographic signature from the interferometric phase with the 30-m Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM) [Farr and Kobrick, 2000] . A clear signal is present in the vicinity of the swarm (Figures 6 and 7a) with a spatial extent of several tens of kilometers and a peak-to-peak magnitude of 14 cm in the satellite line-of-sight (LOS) direction, despite extensive decorrelation due to the presence of bodies of water, agricultural activity and sand dune drift (see the auxiliary material).
[12] The high rates of geothermal energy production in the area immediately around the Obsidian Buttes swarm require that we test whether the signal observed in Figure 6 could be anthropogenic. We examined interferograms for several other independent 35-day time intervals before and 
B04405
LOHMAN AND MCGUIRE: OBSIDIAN BUTTES SWARM after the earthquake and found no detectable signal in the region immediately around the deformation field associated with the Obsidian Buttes swarm (Figure 8 ).
Modeling
[13] We compared the geodetic observations with the deformation expected from the recorded seismicity alone to determine whether the observed displacement field requires a contribution from aseismic processes. We generated forward models of the ground deformation expected from the observed seismicity (1178 events) using finite dislocations in a linear elastic half-space [Okada, 1985] with rigidity modulus of 2.4 Â 10 10 Pa. The predicted deformation signal from seismicity alone is dominated by the three to four largest events. We calculated the magnitude of slip and fault patch size for each earthquake from the seismic moment assuming a 100-bar stress drop. We used reported mechanisms from the SCSN catalog (Figure 4) when available, and used the strike, dip and rake for the main earthquake for those smaller events with no reported mechanism. We note that these smaller earthquakes contribute a very small amount to the total deformation field. The combined recorded seismicity, which was equivalent to a M w 5.3 earthquake and predicts peak LOS deformation of $2 cm, is of insufficient magnitude to reproduce the InSAR signal spanning the swarm (Figure 7) . Shifting the seismicity to shallower depths results in a closer match to the peak amplitude of ground deformation, but a shorter wavelength signal that does not fit the observed deformation (Figure 9 ).
[14] In order to better explain the geodetic data, we performed inversions of the InSAR data using a distribution of finite dislocations in the same elastic model as above, with a steeply dipping fault plane that agrees with the location and mechanisms of seismicity during the swarm (strike = N35°E, dip = 72°), and with fault patch sizes that increase with depth. We regularized the inversion using a minimum length constraint and allowed a combination of left-lateral and dip-slip motion [e.g., Du et al., 1992; R. Lohman and M. Simons, Inferring fault slip from surface deformation using a spatially variable regularization scheme, submitted to Geophysical Journal International, 2006]. Our best fit slip distribution (Figure 7e ) is dominated by dextral motion with slip equivalent to a M w 5.75 earthquake (using the same rigidity structure that we used with the seismic data). Our results suggest a significant contribution to the observed ground deformation from aseismic slip, since the magnitude of slip we infer is five times larger than the seismic moment release observed during the Obsidian Buttes sequence. The majority of our inferred fault slip occurred at shallower depths than the seismicity, suggesting that different processes may accommodate the fault slip budget within these two depth ranges.
Discussion

Earthquake Triggering
[15] To investigate the hypothesis that shallow aseismic slip triggered the earthquake swarm, we employ the rate state formalism of Dieterich [1994] , which relates changes in fault stress state to changes in seismicity rate. The time history of aseismic slip for this event is poorly resolved by the available geodetic data, but other shallow creep events in well-instrumented regions are observed to start abruptly and decay exponentially [e.g., Nason and Weertman, 1973; Linde et al., 1996 ]. Therefore we model the creep event as an increase in stressing rate beginning at the start of the swarm migration, during the highest seismicity rates (Figure 10 ), and decaying exponentially over a timescale of a few [16] We chose the background stressing rate (2 bars/yr) to correspond roughly to the 15 year recurrence interval of M5 earthquakes on this fault [Reasenberg and Jones, 1994] , and we chose the stressing rate jump (factor of $900) to match the observed peak seismicity rates. We explored a range of potential values of the rate state friction parameter As, which relates changes in stressing rate to seismicity rate [Dieterich, 1994] , where A is a constitutive parameter and s is the normal stress. Uncertainties in rock type and thermal state of the seismogenic zone complicate the determination of which values of As are realistic. Nearby geothermal wells indicate that temperatures reach $350°C by $2 km depth [Hulen and Pulka, 2001] . The presence of aseismic slip in the 2 -4 km depth range within sandstone sediments at these temperatures is consistent with laboratory experiments on frictional stability [Blanpied et al., 1991] . We have little information on the deeper thermal structure in the depth range of the observed seismicity (4 -6 km), but extrapolation of the thermal gradient from Hulen and Pulka [2001] leads to estimates as high as 460-590°C, well out of the range where frictional instability and earthquakes should occur in granitic materials [Blanpied et al., 1991] . Hydrothermal circulation could significantly reduce the temperature gradient or the thermal structure in this area could vary over a shorter length scale than is sampled by the well data.
[17] The stressing rate magnitude primarily determines the maximum amplitude of the seismicity rate transient while the value of As controls the decay timing (Figure 10 ). The seismicity rate history indicates that the majority of the aseismic stressing occurred between 31 August and 2 September, although a reduced level of aseismic slip for at least a few days after 2 September is required to match the Figure 7d and forward models of the ground deformation expected from observed seismicity, where the average depth of the swarm as a whole is shifted to depths between 1 and 5 km (colored lines). Note that even the shallowest depth range (blue line) does not match the peak magnitude or shape of the deformation. observed decay in seismicity. The elevated seismicity rate in the later days of the swarm (from 8 to 28 September) relative to the As = 15 bars curve in Figure 10a could indicate that the stressing rate history is more complicated than our exponential decay model.
[18] The correspondence between the observed seismicity and the prediction from our aseismic stressing rate history suggests that the migration and temporal evolution of the seismicity for this particular swarm could have been driven by aseismic slip occurring in the early hours of the swarm, well before the largest earthquake. Studies of future swarms may be able to rely on denser geodetic observations that place stronger constraints on the temporal evolution of strain, allowing for more meaningful evaluations of the range of rate state friction parameters that are appropriate.
Other Seismic Swarms
[19] Other swarms within the Salton Trough exhibit similar features to those we observed during the Obsidian Buttes swarm, indicating that a common mechanism may drive the swarms. Migration velocities for several Salton Trough swarms (Table 1 ) are in the range of 0.1 -1 km/h, similar to the 0.1 -0.5 km/h that we observe for the West Moreland and Obsidian Buttes swarms. Brune and Allen
[1967] describe a 10 km long surface rupture with offsets of only $1.5 cm that was detected following a sequence of small earthquakes (M < 3.6) on 4 March 1966. While Brune and Allen [1967] argue that the 1966 event could have been a seismic rupture with an extremely low stress drop, Figure 1 of Brune and Allen demonstrates the northward propagation of the sequence at a velocity of $1 km/h. The similarity in propagation rate suggests to us that the 1966 swarm may also have been associated with shallow aseismic slip. Another swarm on the Imperial fault in 1975 [Johnson and Hadley, 1976 ] migrated at 0.5 km/h over a similar length scale. Additionally, creep events along the Cerro Prieto fault, the primary plate boundary in northern Baja California, propagate at about 1 km/h [Glowacka et al., 2001] .
[20] The 0.1-1 km/h migration velocity that appears to be typical of strike-slip swarms in the Salton Trough contrasts with observations of swarms associated with fluid diffusion within fault zones that migrate at much slower rates of fractions of a kilometer per day [Hainzl and Ogata, 2005] but agrees with well-documented creep events along the central San Andreas Fault [e.g., Nason and Weertman, 1973; Linde et al., 1996] . The systematic migration velocities and their similarity to geodetically observed creep events support the hypothesis that earthquake swarms in the Salton Trough are triggered by transient, aseismic, fault slip.
[21] Aseismic triggering as an explanation for seismic swarms extends to other regions around the world as well. East Pacific Rise transform faults, which potentially share the same high heat flow characteristics found in the Salton Trough, exhibit heightened levels of seismicity preceding large strike-slip earthquakes [e.g., McGuire et al., 2005; Bohnenstiehl et al., 2002] that is reminiscent of the microseismicity increases in the hours before the Salton Trough earthquakes. and find that aseismic processes may drive earthquake swarms throughout southern California and in Japan. The 0.1-1 km/h migration velocities observed in Salton Trough swarms also appear to be characteristic of slow slip events in subduction zones both in Cascadia [e.g., Dragert et al., 2001; McGuire and Segal, 2003] and Japan [e.g., Obara, 2002; Shelly et al., 2006; Y. Ishihara, personal communication, 2006] . To advance our understanding of the contribution from aseismic processes to plate boundary deformation around the world, we require combined geodetic and seismicity observations of the sort outlined here, Figure 10 . (a) Seismicity rate (M > 1.5) in the area immediately surrounding the 2005 Obsidian Buttes swarm (black curve), and predicted rates (colored curves) obtained by neglecting normal stress changes [Dieterich, 1994] for various values of the rate state friction parameter As. (b) Stressing rate history with exponential decay used in Figure 10a . along with improved constraints on the temporal evolution of ground deformation.
Conclusions
[22] The geodetic data for the 2005 Obsidian Buttes swarm present the first evidence that detectable levels of aseismic slip may trigger moderate earthquakes in the Salton Trough. The observed consistency in seismicity migration velocities for the 1966, 1975, 1981, and 2005 Salton Trough swarms indicates the existence of a common driving mechanism. Currently, real-time earthquake forecasts are based solely on stochastic models of past seismicity without input from other geophysical data types or mechanical models of earthquake triggering [e.g., Gerstenberger et al., 2005; Helmstetter et al., 2006] . A combination of dense real-time geodetic networks, algorithms that search for propagating microseismicity, and mechanical triggering models, should significantly improve short-term earthquake forecasts within the Salton Trough.
